actively seek this temperature when presented with a thermal gradient but will avoid this temperature if it is associated with an absence of food (Hedgecock and Russell, 1975; Mori, 1999 In C. elegans, the thermosensory circuit for responses to the 15ЊC-25ЊC temperature range has been well characterized (Mori and Ohshima, 1995) (see Figure 4C) have been implicated in the development of sensory that oy26 and oy29 are allelic to the previously described structures.
have been implicated in the development of sensory that oy26 and oy29 are allelic to the previously described structures.
ttx-1(p767) mutation (Hedgecock and Russell, 1975). As Here we describe the cloning and characterization expected, we found that expression of gcy-8 is deof the gene ttx-1. ttx-1 encodes the first characterized creased in ttx-1(p767) mutants ( Figure 1B and Table 1 ). homolog of OTD/OTX in C. elegans. Similar to the funcOn the basis of both the severity of the gene expression tions of otd/Otx genes in other organisms, ttx-1 is necesdefect and behavioral defects (see below), p767 appears sary and partly sufficient for the development of a sento be the strongest allele. In all three ttx-1 mutants, we sory cell type, the AFD thermosensory neurons. We found that gcy-8::GFP expression was largely unafshow that ttx-1 mutations also deregulate thermosenfected in young (L1) larvae (data not shown), suggesting sory inputs into the dauer-regulatory neuroendocrine that ttx-1 is required for maintenance but not for initiation pathway. In addition, as initially proposed by Svendsen of AFD-specific gene expression. and McGhee (1995), we note an intriguing conservation To determine the extent to which mutations in ttx-1 of developmental regulatory mechanisms between the affect gene expression in the AFD neurons, we examined thermosensory circuit of C. elegans and the visual circuit the expression of additional genes, including the nhr-38 in vertebrates, suggesting an evolutionary link between nuclear hormone receptor gene, which is expressed exthermosensation and phototransduction.
clusively in the AFD neurons (Miyabayashi et al., 1999), and the ceh-14 LIM homeobox and tax-2 cyclic nucleoResults tide-gated channel genes, which are expressed in AFD as well as in several additional neuron types (Coburn and TTX-1 Regulates Gene Expression in the AFD Bargmann, 1996; Cassata et al., 2000). In ttx-1 mutants, Thermosensory Neurons expression of all three genes was decreased only in the To identify genes required for the development and dif-AFD neurons (Table 2) taining ‫3ف‬ kb of promoter sequences and all predicted To delineate the sequences required for expression in the AFD and marginal cells, we generated two additional exons and introns of ttx-1 ( Figure 3A ). This fusion gene partially rescued the gcy-8::GFP gene expression defect fusion genes. In the first, the same promoter sequences as present in the full-length fusion gene and part of exon and the thermotaxis behavioral defect of ttx-1 mutants (data not shown and Figure 4B ; see below). Transgenic 1 were fused in frame to GFP (ttx-1Exon1::GFP; Figure  3B ). This construct drives GFP expression exclusively animals carrying this fusion gene expressed GFP in the bilateral AFD neurons as well as in the nine pharyngeal in the AFD neurons ( Figure 3B ). Expression of ttx-1 was first observed well after the time when the AFD neurons marginal cells ( Figure 3A ). The TTX-1-GFP-tagged protein is localized to the nuclei of all cells.
were born (Sulston et al., 1983 ) and was maintained throughout development, consistent with the proposed Marginal cells are structural cells of the pharynx with unknown functions (White, 1988) . ttx-1(p767) mutants role of TTX-1 in maintenance of AFD fate. In the second, GFP was fused in frame to exon 4 (ttx-1Exon4::GFP). do not exhibit gross abnormalities in the development or function of the pharynx. Because ttx-1(p767) is likely Transgenic animals carrying this fusion gene showed GFP expression in both the AFD as well as in the marnot a molecular null mutation, it is possible that defects in marginal cell fate or function are not evident in this ginal cells, although expression was no longer restricted to the nucleus (data not shown). This suggests that ttx-1 allele. To investigate this possibility, we performed RNA interference experiments (Fire et al., 1998). Wild-type promoter sequences drive expression solely in the AFD neurons, whereas sequences in the introns promote adanimals were injected with double-stranded ttx-1 RNA, and progeny were examined for abnormalities. However, ditional expression in the marginal cells. Positive autoregulation of expression provides a simno ttx-1(RNAi) animals showed any morphological or behavioral defects consistent with a defect in the funcple mechanism by which gene expression is maintained.
To investigate whether TTX-1 regulates its own exprestion of the pharynx (n ϭ ‫0001ف‬ progeny; 10 independent injected animals; see Experimental Procedures). Thus, sion, we examined expression of the ttx-1Exon1::GFP fusion gene in ttx-1(p767) mutants. As shown in Table  the role ). Expression of specific transcription factors represses this default fate and promotes the expression of cell typespecific characteristics. We investigated whether the AFD neurons adopt an AWC-like fate in ttx-1 mutants.
As shown in Table 3 , we found that the AWC-specific marker str-2::GFP (Troemel et al., 1999) is expressed ectopically in AFD in ‫%26ف‬ of ttx-1 mutant animals. This phenotype was not further enhanced in a ttx-1(p767); ceh-14(ch3) double mutant (data not shown). We also examined the expression of additional AWC markers, including tax-2 (Coburn and Bargmann, 1996) and the G␣ subunit gene odr-3 (Roayaie et al., 1998). In ttx-1 mutants, we detected odr-3 expression in the AFD neurons in ‫%9ف‬ of animals examined (Table 3) . tax-2 is expressed both in the AFD and AWC neurons in wildtype animals (Coburn and Bargmann, 1996). Interestingly, even though the AFD neurons adopt partial AWC fate in ttx-1 mutants, expression of tax-2 in the AFD neurons is not maintained (Table 2) . Taken together with the finding that the sensory endings of the AFD neurons in ttx-1 mutants do not resemble those of the AWC neurons, these results indicate that mutations in ttx-1 result in partial adoption of the AWC fate by the AFD neurons. iors of ttx-1 mutants.
ttx-1 Mutants Show Defects in Thermotaxis Behavior
Anterior is at left in all images. Scale bar: 10 m.
Single, well-fed animals grown at 20ЊC were placed on a thermal gradient ranging from 17ЊC-25ЊC. The behaviors of animals on this gradient were scored as wild reduced, indicating that TTX-1 autoregulates to maintain expression in the AFD neurons.
type (moving to 20ЊC), cryophilic (moving to temperatures Ͻ20ЊC), thermophilic (moving to temperatures Ͼ20ЊC), or athermotactic (moving randomly on the gradiOtx1, but Not Crx, Partly Rescues the Gene Expression Defects of ttx-1 ent) (Mori and Ohshima, 1995) ( Figure 4A ). Animals were also scored for isothermal tracking, where they move in We investigated whether rat Otx1 or mouse Crx could functionally substitute for ttx-1. Otx1 and Crx cDNAs driven concentric circles at a given temperature (Mori and Ohshima, 1995). As shown in Figure 4B , ttx-1 mutants were by the ttx-1 promoter were injected into ttx-1(p767) mutants carrying integrated copies of gcy-8::GFP, and resstrongly cryophilic. Approximately 83% of ttx-1(p767) and ‫%36ف‬ of ttx-1(oy26) mutants showed a cryophilic thermotaxis behavior of ttx-1; ceh-14 double-mutant animals was indistinguishable from that of ttx-1(p767) sinphenotype, whereas fewer ttx-1(oy29) mutants exhibited this behavior. Moreover, ttx-1(p767) mutants rarely exgle mutants, further confirming that TTX-1 regulates the expression of ceh-14 as well as additional genes rehibited isothermal tracking behavior at any temperature. . To genetinsulin receptor and TGF-␤ ligand genes daf-2 and daf-7, ically define the thermosensory circuit, we examined respectively. daf-2 and daf-7 mutants exhibit a dauerthe thermosensory behaviors of double mutants among constitutive or daf-c phenotype, where they form dauers ttx-1, ttx-3, and lin-11. In all cases, we used putative inappropriately under nonadverse conditions. As shown null alleles (ttx-3 and lin-11) or the strongest available in Figure 5A , we found that at 25ЊC, ttx-1; daf-7 double allele (ttx-1). As shown in Figure 4D , ttx-1; ttx-3 double mutants formed dauers similarly to daf-7 single mutants. mutants, similar to ttx-3 single mutants, are strongly However, we observed strong effects of ttx-1 on dauer cryophilic, confirming that AFD signals primarily via the recovery. Only ‫%7ف‬ of daf-7; ttx-1 double mutants, as AIY interneurons to regulate upward movement in a thercompared with 65% of daf-7 single mutants, remained mal gradient. However, in our hands, lin-11 null mutants arrested in the dauer stage after 72 hr at 25ЊC (Figure 5B ), were only weakly thermophilic, with the majority of aniwhereas the remaining animals recovered and resumed mals exhibiting wild-type behavior ( Figure 4D ), sugnormal growth. ttx-1 mutations had no effect on dauer gesting that unlike ttx-1 and ttx-3, lin-11 does not specify formation or recovery at lower temperatures of 15ЊC all thermoregulatory functions of the AIZ interneurons.
(data not shown). These results differ from those obConsistent with this, lin-11; ttx-1 double-mutant animals served with ttx-3 mutants because mutations in ttx-3 exhibit only weak athermotactic behavior, with most anidecouple temperature inputs into the dauer pathway at mals remaining strongly cryophilic ( Figure 4D ), indicating both 25ЊC and 15ЊC (Hobert et al., 1997). Interestingly, a severe disruption of only the upward, but not the downttx-1 mutations appeared to delay development and ward, arm of the thermosensory circuit. tax-4 and tax-2 dauer formation in daf-2 mutants. After 48 hr at 25ЊC, encode the ␣ and ␤ subunits of a cyclic nucleotide-gated whereas 100% of daf-2 mutants form dauers, only ‫%32ف‬ channel required for thermosensation (Coburn and Bargof daf-2; ttx-1 double mutants form dauers, with the mann, 1996; Komatsu et al., 1996). Unlike ttx-1 mutants, remainder of the animals in an L2-like developmental tax-2 and tax-4 mutants are athermotactic, suggesting stage ( Figure 5A ). However, after 72 hr, nearly 73% of that TAX-2/4 functions in additional unidentified sensory daf-2; ttx-1 double mutants form dauers that do not neuron(s) that mediate cryophilic sensory responses recover ( Figure 5B ). Thus, mutations in the AFD-medi-(Mori and Ohshima, 1995). As shown in Figure 4D , tax-2; ated thermosensory circuit deregulate temperature inttx-1 and tax-4; ttx-1 double mutants are also athermotacput into the dauer neuroendocrine process, likely by tic. Thus, our results confirm the identification of the comdecoupling temperature input and regulation of insulin ponents of the thermosensory circuit that mediate thersignaling. mophilic behavior, as defined by laser-killing experiments.
Misexpression of ttx-1 Is Sufficient to Confer AFD-like Fate onto a Subset of Ciliated Neurons Mutations in ttx-1 Affect a TemperatureRegulated Neuroendocrine Process
To determine whether ttx-1 is sufficient for AFD fate specification, we misexpressed ttx-1 using the osm-6, Under adverse conditions such as overcrowding, scarcity of food, or high temperatures, C. elegans enters str-1, and odr-10 promoters in animals carrying stably integrated gcy-8::GFP fusion genes. The osm-6 promoter into the alternative dauer developmental state (Golden and Riddle, 1984a; Riddle and Albert, 1997). Exit from drives expression in most ciliated neurons in C. elegans (Collet et al., 1998), whereas the str-1 and odr-10 prothis state and resumption of normal reproductive growth is also regulated by sensory cues that regulate the promoters drive expression specifically in the AWB and AWA olfactory neurons, respectively (Sengupta et al., duction of neuroendocrine signals such as TGF-␤ and insulin. The TGF-␤ and insulin pathways function in par-1996; Troemel et al., 1997). We found that gcy-8::GFP was expressed ectopically in animals misexpressing allel to regulate the dauer process (Vowels and Thomas, AWA neurons. In the lumbar ganglia, ectopic expression was observed frequently in the PHB sensory neurons. A stably integrated nhr-38::GFP fusion gene was also ectopically expressed in animals misexpressing ttx-1, approximately to the same extent as gcy-8::GFP (data not shown). Thus, misexpression of ttx-1 is sufficient to confer AFD-specific gene expression onto several, although not all, ciliated neuron types.
We next examined the morphology of the sensory endings of the misexpressing neurons. Interestingly, we found that most misexpressing cells had sensory endings similar to those of the AFD neurons, with elaborate finger-like structures ( Figure 6B ). This transformation was especially evident in the tail. As shown in Figure  6C , the PHB sensory neurons normally have a single ciliary sensory ending. However, upon misexpression of ttx-1, the endings adopted the complex morphology of the AFD neurons ( Figure 6D) .
To examine the behavioral consequences of misexpression of thermosensory neuron characteristics, we examined the thermotaxis behaviors of animals expressing osm-6::ttx-1. As shown in Figure 7A , we found that an average of 58% of wild-type animals misexpressing ttx-1 showed abnormal cryophilic, thermophilic, or athermotactic thermosensory behaviors (two independent lines), as compared with 23% of wild-type animals. a subset of these is expected to be genes directly in-RT-PCR was performed using the 5Ј RACE System (GIBCO-BRL).
The AIY and AIZ interneurons are also the postsynaptic partners of additional ciliated sensory neurons (White et al., 1986). It is possible that expression of thermosensory properties in these ciliated neurons results in inappropriate thermosensory inputs into the AIY-AIZ-regulated

volved in thermosensation.
First-strand synthesis on 5 g of total RNA from wild-type animals was performed using a primer specific for sequences in exon 7 of Experimental Procedures ttx-1. ttx-1-specific sequences were then amplified using primers corresponding to sequences in exon 1 and exon 7 of ttx-1. PCR Strains products were cloned into the TOPO2.1 vector, and several indepenWorms were grown using standard methods (Brenner, 1974). Strains dent isolates were sequenced. were obtained from the Caenorhabditis Genetics Center unless noted otherwise. ttx-3(mg158) was provided by O. Hobert , 1994) as a coinjection marker, were was generated by amplifying 3 kb of promoter sequences and all generated by treating animals carrying extrachromosomal arrays genomic sequences of ttx-1 and fusing in frame to GFP just prior with UV/psoralen. The following integrated strains were isolated: to the STOP codon. To generate ttx-1, Crx, or Otx1 expression oyIs15 (nhr-38::GFP), oyIs17 (gcy-8::GFP), and oyIs18 (gcy-8::GFP).
constructs, cDNAs were amplified, sequenced, and fused in frame Strains were mapped and outcrossed a total of six times prior to to ttx-1Exon1 sequences. The amplified Crx cDNA contains a single characterization. Double-mutant strains were constructed using silent base change. ttx-1 misexpression constructs were generated standard methods and confirmed by complementation tests or by by fusing the osm-6, odr-10, or str-1 promoters in frame to a ttx-1 sequencing. Details of double-mutant strain construction are availcDNA (see above). able upon request.
Germline Transformations and Microscopy Isolation, Mapping, and Cloning of ttx-1
Germline transformations were carried out using standard protocols oyIs17 animals were mutagenized with EMS using standard protocols. F2 progeny of mutagenized animals were examined for re-(Mello and Fire, 1995). Coinjection markers used were ofm-1::GFP ., 1990, 1993) . Thermotaxis assays were carried out as described previously (Mori and Ohshima, 1995) . impaired retinal progenitor proliferation and bipolar cell differentiation. Nat. Genet. 12, 376-384.
